A sensitive and reliable method has been developed and validated to determine residues of abamectin, doramectin, eprinomectin, ivermectin, and moxidectin in bovine milk. Isolation of the analytes from milk was performed with the use of liquidliquid extraction with acetonitrile in the presence of sodium chloride. The extract was defatted with hexane and cleaned up using solid phase extraction (C8 cartridge) after forming ion pairs with triethylamine. The analytes were derivatized with N, Ndimethylformamide, acetic acid anhydride, and N-methylimidazole (100°C, 90 min). The derivatives were determined by reverse phase liquid chromatography with fluorescence detection (excitation and emission wavelength 365 nm and 475 nm, respectively). Recoveries of the lactones from milk samples fortified at 10-30 µg kg -1 ranged from 52% to 80% with intra-laboratory reproducibility (CV) of 12.7%-22.8%. The critical concentrations (decision limit, CCα and detection capability, CCβ) were in accordance with target limits. The method has been verified in the proficiency studies by EURL/CVL Berlin (all z-scores in the range of ±2). The method was transferred to routine laboratories, verified in inter-laboratory comparison and successfully applied in the National Residue Control Plan.
Macrocyclic lactones: abamectin (ABM), doramectin (DOR), eprinomectin (EPR), ivermectin (IVR), and moxidectin (MOX) are used in veterinary practice as endectocides. In the European Union, ABM, DOR, and IVR are not approved for use in lactating dairy cows, for EPR and MOX maximum residue limits (MRLs) in cow milk has been established at 20 µg kg -1 and 40 µg kg -1 , respectively (6) . Codex Alimentarius Commission, on the basis of evaluations of the Joint FAO/WHO Expert Committee on Food Additives (JECFA), established MRL values for DOR -15 µg kg -1 and for IVR -10 µg kg -1 (14). Due to lipophilic properties of macrocyclic lactones and long term persistence of their residues in animal body and in milk, toxicological risk to the consumers may occur. Therefore, the lactones have to be monitored (5) and sensitive screening methods to detect residues in milk, fulfilling analytical performance criteria (Commission Decision 2002/657/EC), are required (4) . Multiresidue methods allowing simultaneous analysis of the whole group of macrocyclic lactones including avermectins (ABM, DOR, IVR, EPR) and milbemicins (MOX) are the most useful for the routine analysis of milk in the framework of residue control plans.
The methodology available for the determination of macrocyclic lactone residues in biological matrices has been reviewed by Danaher et al. in 2006 (7) and again in 2012 (10) . From a number of multiresidue methods for the determination of residues of macrocyclic lactones in animal tissues or products of animal origin, which have been published (1, 8, 16, 17) , only a few are applicable in the analysis of milk samples (3, 18) .
The methodology of the determination of macrocyclic lactones is more and more often based on liquid chromatography coupled with mass spectrometry (11, 12) . Still, the fluorescence detection of different derivatives of avermectins represents a sufficient and cost-effective alternative to the LC-MS/MS approach (9) .
The objective of the study was to present and validate simple and rapid HPLC method involving fluorescence detection to quantify simultaneously residual concentrations of ABM, DOR, EPR, IVR, and MOX in cow milk. The method was in-house validated, verified in the proficiency test, and successfully applied in the National Residue Control Plan. Acetonitrile (ACN) and methanol (MeOH) HPLC grade were obtained from J.T.Baker. Dimethylformamide (DMF), N-methylimidazole (N-MIM), tetrahydrofuran (THF), triethylamine (TEA), and acetic acid anhydride were purchased from Sigma Aldrich. Sodium chloride and n-hexane were obtained from POCH. The ultrapure water (resistance >18 m ), purified with a Milli-Q Plus water purification system (Millipore), was used. The solid phase extraction (SPE) columns C 8 (3 mL, 500 mg) were obtained from J.T. Baker.
Material and Methods
Preparation of standard solutions. Stock standard solutions (1,000 μg mL -1 ) were prepared by dissolving appropriate reference compound in methanol (stable for 12 months when stored below -18°C). Intermediate standard solutions (100 μg mL -1 ) were prepared by diluting a suitable aliquot of each stock solution with methanol and stored at 2-8 °C (stable for six months). Mixed working standard solutions (10 μg mL -1 and 1 μg mL -1 of each compound) were prepared by mixing suitable aliquots of intermediate standard solutions and making up to the volume with methanol (stable for six months when stored at 2-8˚C).
Extraction of milk samples and clean-up. Milk sample (5 ±0.1 g) was weighed into 50 mL polypropylene centrifuge tube. Five millilitres of ACN and 1 g of sodium chloride were added; the sample was vortex-mixed for 1 min and then centrifuged (4,500 rpm, -5ºC, 15 min). The supernatant was collected into 15 mL glass centrifuge tube and evaporated to dryness under stream of nitrogen (55ºC). The dry residue was dissolved in 1 mL of ACN; then 2 mL of n-hexane, previously saturated with ACN, were added (saturation: 90 mL of n-hexane was shaken vigorously with 10 mL of ACN in the glass bottle and let to stand until separation of two phases). The content of tube was vortex-mixed for 1 min, centrifuged (3,000 rpm, 3 min) and upper hexane layer was discarded. The acetonitrile phase was mixed with 9 ml of the solution for washing the SPE column (625 μL triethylamine in 500 mL of water). The sample was than applied on C 8 SPE column conditioned previously with 5 mL of ACN and 5 ml of mixture ACN+H 2 O+TEA (30+69+1). The column was washed with 5 mL of solution for washing SPE column and vacuum dried for 5 min. The analytes were than eluted with 5 ml of ACN, collected in the glass tube, containing already 1 ml of CAN, and evaporated to dryness under stream of nitrogen (55ºC). The walls of tube were rinsed with 1 mL of ACN and content of the tube was again evaporated to dryness under the same conditions.
Derivatization. The dry residue was dissolved in 400 μL of solution for the of macrocyclic lactones (N,N-dimethylformamide+acetic acid anhydride+N-methylimidazole, 9+3+2). Two hundred microlitres of the extract was transferred into autosampler vial, which was thoroughly capped and placed in the heating block (100°C) for 90 min. After that time, the vial was cooled and 300 μL of acetonitrile was added. Liquid chromatography. The samples were analysed with HPLC Varian Prostar system controlled by Galaxie Workstation. Separation of macrocyclic lactones was performed on Phenomenex Luna C 8 (150x4.6 mm, 3 μm) with precolumn (Phenomenex Security Guard, 4x3 mm). Mobile phase (ACN:THF:H 2 O, 96:3:1, v:v:v) was applied in isocratic conditions. Column oven temperature was maintained at 40°C and a flow rate of 0.8 mL min -1 was used. Aliquots of 30 μL of final sample extract were injected on the column. The analytes were detected with fluorescence detection (λ excitation = 365 nm, λ emission = 475 nm).
Calculation of the results of analysis. The content of macrocyclic lactones in the unknown samples was calculated using three-point calibration curve (0.025; 0.05; 0.075 μg mL -1 ) corresponding to the concentrations 5.0; 10.0; 15.0 μg kg -1 in milk, carried out thorough the derivatization and chromatography steps. The result was corrected for recovery of spiked sample analysed in the same analytical sequence with unknown sample.
Method of validation. The method was validated according to the Commission Decision 2002/657/EC (4). Selectivity of the method was checked by the chromatographic analysis of 20 drug-free milk samples. Five-point matrix-matched calibration curves were tested assessing the recorded peak areas or the ratio of peak area. The recovery was evaluated at three concentration levels. The repeatability and withinlaboratory reproducibility were determined by the repeated analysis (n=18) of milk samples spiked at three concentration levels described above during 1 d and 3 d, respectively. The precision was evaluated by calculating the coefficient of variation (CV, %). The decision limit (CCα) and detection capability (CCβ) were calculated based on the procedure described in the ISO 11843. Detection limits of the method were calculated on the basis of signal to noise ratio (S/N = 3 for limit of detection -LOD and S/N = 10 for limit of quantification -LOQ).
Verification of the method. In order to verify the performance of the developed method, it was checked in the proficiency tests by the European Union Reference Laboratory (2) . After the transfer of the method to routine laboratories, it was verified at the national level by inter-laboratory comparisons by the National Reference Laboratory.
Results
The sample extraction and clean-up was found to give satisfactory results. In the chromatograms of blank samples, no interferences were found and all analytes were detected with the sufficient selectivity and sensitivity (Fig. 1) . The validation of the method, performed according to the European criteria (4), proved its applicability in residue control ( Table 1 ). The method proved to be linear (correlation coefficient above 0.998 for all analytes), sensitive (limit of detection below 1 μg kg -1 ), and precise (variation coefficient for intralaboratory reproducibility below 25%).
After the in-house validation, the method was verified in the proficiency test by the EURL/BVL ( Table  2 ). The comparison was very extensive -it contained seven different milk samples (one blank and six incurred samples containing four different macrocyclic lactones). Z-scores obtained by the laboratory (all values in the range between -2 and +2) proved that the method suitable for the determination of macrocyclic lactone residues in milk.
The method was transferred to six laboratories involved in official residue control in Poland. In 2009 and 2012, two inter-laboratory comparisons (milk containing DOR, EPR, and MOX) were made by the National Reference Laboratory/National Veterinary Research Institute, which proved the proficiency of the participating laboratories (z-scores in the range of -1.14 to 0.678).
The described method has been implemented in the official control of macrocyclic lactones in milk in Poland under the National Residue Control Plan (21) . Since 2005, around 40 samples have been tested each year. Among 287 samples tested none of them contained avermectins above decision limits established during the validation study.
Discussion
The presented method is based on acetonitrile extraction, solid phase purification with octyl columns and, finally, detection of fluorescent macrocyclic lactones derivatives. Such an approach provides reliable results in a relatively fast and labour-effective manner.
Acetonitrile is often used to isolate avermectins from different biological matrices, because of a high efficiency of extraction of analytes and, at the same time, low-co-extraction of lipids and good protein precipitation (12) . The purification based on C8 SPE provides extract clean enough to be with relatively selective fluorescent detector (3).
This was the most comprehensively studied step of the method for the detection of macrocyclic lactones. At first, very long reaction time necessary to obtain stable derivatives and the process was highly susceptible to the content of even traces of water (19) . The change of the catalyst significantly reduced the time of reaction but the method was still long and required SPE purification of the obtained derivatives (20) . A further modification of the protocol was achieved by Nagata et al. (16) , who discovered that simple dilution of the final extract with acetonitrile was sufficient for removing interferences in FLD chromatogram.
The last protocol was used in the presented method and, as it can be seen from the results of the validation study, all the performance criteria have been met. The selectivity of the fluorescence detector resulted in satisfactory sensitivity and the precision of the method proved high robustness of process.
The method was applied in an official residue control in Poland; so far no residues of macrocyclic lactones have been detected in milk. The low percentage of non-compliant milk samples is observed in whole European Union -in 2010 only two samples were found to contain ivermectin and one -moxidectin among 5,291 tested for anthelmintics (group B2a) (13) . Also, in other countries, avermectins are rarely detected in milk -30 out of 168 samples of commercial milk contained IVR above LOQ (2 μg L -1 ) but none of these exceeded Codex Alimentarius MRL (10 μg kg -1 ) (15) . In summary, the presented analytical method involving HPLC with fluorescence detection provides a useful tool for the simultaneous determination of five macrocyclic lactones: ABM, DOR, EPR, IVR, and MOX in cow milk. The method was in-house validated according to the 2002/657/EC guidelines, verified in proficiency test, accredited to ISO 17025 standard, and successfully applied to the analysis of milk in the framework of the National Residue Control Plan.
